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Abstract
Relaxation of highly vibrationally excited trifluorobenzene and
tetrafluorobenzene by collisions with CO2

Alan Marshall Johnson
Department of Chemistry and Biochemistry
Masters of Science

An investigation into the relaxation of highly vibrationally excited trifluorobenzene
and tetrafluorobenzene following collisions with carbon dioxide was performed using
diode laser transient absorption spectroscopy. A 248 nm excimer laser prepared the
vibrationally hot (E'~41,000 cm−1) fluorobenzene molecules. Large amounts of
translational and rotational energy are transferred through collisions between the hot
donor molecule and CO2. Rate constants and collisional probabilities were calculated by
probing the high J states (J=58~80) of CO2 in the vibrational ground state, 0000, with
measurements taken 1 μsec, ¼ the mean gas collision time, following each excimer laser
pulse. The energy transfer probability distribution function, P(E,E′), was calculated for each
molecule using the state‐resolved probabilities and the energy gain of the bath. The study
found a relationship between the fraction of strong collisions and the donor’s dipole
moment. Additionally, these findings support an application of Fermi’s Golden rule to
collisional energy transfer by linking the shape of P(E,E′) to the shape of the donor’s
density of states as a function of ΔE.
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Chapter 1
Introduction

2

1.1 Background
Thermal unimolecular reactions find application in many fields, for example
atmospheric and combustion chemistry.1 Studies to understand these types of reactions
date back to the early part of the 20th century beginning with Perrin2 who proposed
thermal unimolecular reactions were fueled by radiation absorption through the walls of
the reaction vessel. Two observations3 are not accounted for through the radiation
absorption hypothesis. First, the rate should be dependent on the surface area of the
reaction vessel, and second, at low pressures the same reaction rate should be sustained
because the amount of radiation remains constant. Langmuir4 tested Perrin’s hypotheses
by calculating the radiation flux the molecules would be exposed to and found radiation to
not be a sufficient source of energy to drive the observed kinetics. The finding occurred due
to limitations in the understanding of black‐body radiation; if the same calculations were
performed now, they would support the radiation absorption theory. Fortunately, the
finding was used to refute the radiation theory and led scientists to continue searching for
a better mechanism to explain thermal unimolecular reactions.
Lindemann,5 three years after Perrin, proposed a new theory that could account for
the limitations listed earlier for the radiation absorption model. Lindemann suggested that
a molecule undergoes a bimolecular collision in which the reactant becomes activated with
sufficient energy to proceed toward products. As part of the mechanism, an energized
molecule could collide with another molecule before forming products. This collision would
result in deactivating the molecule such that it no longer had sufficient energy to react. The
proposed mechanism explained why unimolecular rates quickly dropped off at lower

3
pressures. The mechanism, introduced by Lindemann, is generally stated by the following
reactions
k1
A + Bath 
→ A* + Bath
k−1
→ A + Bath
A* + Bath 

(1.1)

k2
→ Products
A* 

where A* represents a molecule with sufficient energy to form into products and Bath is

€
any molecule that collides
with A.
The Lindemann model, though simple, helped scientists begin to understand how
unimolecular reactions occurred. The model uses a few assumptions resulting in the
shortcomings found in this mechanism. First of all, it is assumes that all collisions between
A and Bath where A gains energy, will result in A being activated with enough energy to
form products. This is not always true; each molecule has a differing amount of energy
within a large distribution of energies. Frequently, a collision with Bath results in energy
being transferred to A but not with the energy required for A to become activated such that
it will form products. This “up” collision is therefore not an activating collision and is not
accounted for in the model. Likewise, a “down” collision is not truly deactivating when
energy is removed from A* and retains sufficient energy to form products. Therefore, the
rate constants for activating and deactivating collisions, as shown in eq 1.1, over estimate
the rate of reaction.3 Four years after Lindemann made this proposal, Hinshelwood6
accounted for this simplification by adjusting the rate constant of product formation to be
based on internal energy of A following a collision. This modification adjusted the final
reaction step in eq 1.1 in the following way

A* (E) k(E
)→ Products .

€

(1.3)

4
These two ideas combined are referred to as the Lindemann‐Hinshelwood theory of
thermal unimolecular reactions.
The low‐pressure condition causes the energy transfer step in the Lindemann‐
Hinshelwood mechanism to become increasingly more involved in the rate of product
reaction. An accurate description7 of the energy of A over time is given by the master
equation. This equation takes the following form:
∞
d [ A(E,t)]
= k coll [ Bath ] ∫ {P(E, E ′)[ A( E ′,t)] − P( E ′, E)[ A(E,t)]}dE ′
dt
0

(1.4)

−k E [ A(E,t)]
where P(E,E′) is the probability that a molecule with internal energy, E′, will be left with

€
energy,
E, after a collision. Breaking up the equation into three parts yields the three
different reactions that take place: energized molecules produced through a collision;
energized molecules that are lost as a result of collision, and energized molecules that are
lost due to product formation. The research presented in this thesis is focused towards the
initial gain of energy by molecule A constituting P(E,E′) with a change of energy greater
than 2000 cm−1.
Collisions that transfer large amounts of energy (>2000 cm−1) are significant when
considering the overall energy transfer picture.8 These large collisional events were first
observed through work by Steel9 in the late ‘80’s using perfluorobenzene. Interest in these
collisions has lead to several computational10,11 and experimental9,12 studies designed to
better understand how and why these collisions occur. Luther13 used kinetically controlled
selective ionization with toluene to find the existence of a large distribution of internal
energies in the energized donor molecule which would result in a large distribution of
collisional energy transfer. In light of these results, theorists performed classical trajectory
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calculations to determine the distribution of probabilities for energy transfer, essentially
P(E,E′). The resulting distribution function that resulted from these calculations represents
the high ΔE tail of energy transfer; a single exponential function failed to accurately fit the
data. Scientist found a double exponential function14 to most accurately fit the data with
one exponential representing strong collisions and the other depicting weak collisions.

1.2 Experimental Approach
Flynn15 et al. were the first to experimentally measure P(E,E′); they developed a
technique using transient IR probe spectroscopy.16 The process uses an IR diode laser to
measure energy transferred into a tractable bath molecule; the technique could be used for
rotational, vibrational, and translational energy measurements by measuring the
appropriate absorption transition. In the case of translational energy as found through
probing the Doppler broadened lineshape, the method takes advantage of the resolution of
the diode laser having a frequency with an order of magnitude smaller than the room
temperature lineshape of the probe molecule transition.
Our lab uses a variation on this technique to measure rotational and translational
energy gains in the bath;17,18 a diagram of the experimental setup is given in Figure 1.1. A
KrF excimer laser produces a 248nm pulse to electronically excite a donor molecule.
Following rapid radiationless relaxation on a time scale several orders of magnitude faster
than the collision time scale based on our experimental setup, the donor molecule collides
with the bath resulting in a large transfer of energy. CO2 is used in this experiment as the
bath molecule fulfilling the requirement of being spectroscopically tractable. The
experimental mechanism15 as it occurs in our studies is detailed in the following reactions

6
Donor + hν (248nm) 
→ Donor E ′
Donor E ′ + CO2 
→ Donor E ′−ΔE + CO2 (00 00;J,V )

(1.5)

→ CO2 (00 01;J ± 1,V )
CO2 + hν (4.3µm) 

where ΔE is the energy transferred from Donor to CO2, J is the rotational quantum number,
€
and V is the recoil velocity of scattered CO2. The antisymmetric stretch of CO2 for J= 58, 62,

70, 76, and 80 is probed in our experiments. In addition to the amount of energy
transferred, the rate of scattering into these excited states is also required to calculate
P(E,E′).
Experimentally obtained P(E,E′) becomes more meaningful as it is fit to a double
exponential allowing for a more specific comparison to be made. The double exponential
function8,19,20 used for fitting the experimental P(E,E′) is

(1− f )exp{−( E ′ − E)/ α}+ f exp{− E ′ − E)/ γ }
, E ≤ E′
(1− f )(α + β )+ f (γ + δ )
(1− f )exp{−(E − E ′)/ β }+ f exp{− E − E ′)/δ }
P(E,E ′) =
, E > E′
(1− f )(α + β )+ f (γ + δ )
P(E,E ′) =

(1.6)

where α and γ are the average energy of weak and strong “down” collisions relative to the

€
donor,
respectively, β and δ are the average energy of weak and strong “up” collisions
relative to the donor, respectively, and f is related to the fraction of strong collisions and
will loosely be referred to as a ”fraction” . The “up” collision parameters are not necessary
to directly measure as they are related to the “down” collision parameters through detailed
balance.19
The thesis presented here is a compilation of two studies that are part of a comprehensive
look at all the fluorobenzene derivatives. By looking at all the different fluorobenzenes,
trends relating to density of states and low frequency modes can more easily be

7

Figure 1.1: Experimental setup using 3.0 m collision cell with collinear high resolution IR
beam and 248 nm excimer laser passing through a flowing 20.0 mtorr 1:1 donor to bath gas
sample. An InSb detector is used for both the measurement path and reference path. The
lock‐on amplifier locks onto either the peak of interest for linestrength measurements or
onto the fringe produced by the etalon when measuring lineshapes.

8

established. Comparing only a group of isomers identifies relationships dealing with frequency
of individual modes or the effect of dipole moment on the shape of P(E,E′). The first study
presents collisions between excited tetrafluorobenzene isomers with CO2; the second study uses
excited trifluorobenzene and its collisions with CO2. Previous studies using the difluorobenzene
isomers17 and perfluorobenzene21 as the energy transfer donor molecule are used for comparison.
Our lab has completed studies of monofluorobenzene22 and pentafluorobenzene23 with the results
awaiting publication.
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Chapter 2
Collisional Relaxation of the Three Vibrationally Excited
Tetrafluorobenzene Isomers by Collisions with CO2

11

2.1 Introduction
Scientists have shown interest for over 90 years in mechanisms for energy transfer
processes in part due to their relationship to thermal unimolecular reactions.1 In
unimolecular reactions, collisional energy transfer2 plays a critical role in the initial step of
activating a molecule before it can form product. Energy transfer that occurs with a
molecule containing chemically significant amounts of energy, with a high density of states
has been of particular importance.3 Understanding how energy is transferred over time has
led to the development4 of an energy transfer probability distribution function or P(E,E′).
This function, which gives the probability that a molecule with energy E′ will have energy E
following a single collision, has been shown to influence the rate of unimolecular reactions
in the fall off regime. The importance of P(E,E′) has been known for several decades, but
only in the last 15 years5,6 have studies been done that experimentally measured this
function. Other techniques7‐10 followed this initial discovery and have led to greater
insights concerning the relationship between molecular parameters and P(E,E′).
Early studies of energy transfer monitored energy loss from the donor molecule;
their technique could not be used to measure P(E,E′) for complex molecules with
chemically significant amounts of energy. Our lab uses an alternative approach by following
the transient IR probe technique that was first developed by Flynn11,12 and is now in use by
our lab13,14 and by the Mullin group15,16. The technique excites a donor molecule that then
undergoes a single collision with a bath molecule whose distribution of translational and
rotational energies can be tracked. One could attempt to track the energy change of the
donor, but due to the large density of states, using a simple bath molecule is more practical

12
as the final energy states following a single collision can be spectroscopically resolved. Our
studies use CO2 as the bath molecule because its rovibrational spectrum is well known;
other studies17 have also used H2O, HOD, and HCl. Mullin18 has used a variation of the
technique to specifically measure V→V and V→RT energy transfer pathways. Tracking
velocity distributions is made possible through the use of a high resolution IR diode laser.
CO2 has a room temperature linewidth of Δν=0.0042 cm−1 and the laser has a frequency
resolution of Δν=0.0003 cm−1; because the linewidth is considerably larger than the
frequency width of the IR diode laser, one can measure the number of molecules scattered
into a rovibrational state, their recoil velocity, and the rate constant for this process. These
state resolved measurements11 allow for the calculation of P(E,E′).
The purpose of many of these studies was to compare the shape of P(E,E′) to
molecular parameters. Comparisons are made by using a model function with parameters
that relate information about the shape. The model that best fits the shape of P(E,E′) is a
double exponential function19 with parameters representing the average energy of weak
and strong collisions. Several studies12,20 have shown that these parameters, and thus the
shape of P(E,E′), to largely be governed by the donor molecule’s density of states. One other
parameter of importance loosely relates the fraction of large ΔE collisions.12 Previous
studies have shown that this “fraction” is related to the number of low frequency modes
(ν<500 cm−1) in the donor21.
In addition to P(E,E′), Sevy and coworkers12,14,21 have developed a function that
relates the number of molecules that can transfer a set amount of energy out of a particular
vibrational mode, based on the fraction of molecules in that mode with the determined
amount of energy, along with the efficiency of that mode which is related to its frequency,

13
The function is referred to as the “fractional energy transfer distribution,” f(E,E′), model.
The model follows a similar shape as P(E,E′) when choosing a dominant energy transfer
mode is chosen and has therefore proven useful in determining which modes are most
responsible for the shape of P(E,E′). Quantum scattering calculations22 between benzene
and helium showed that most of the energy transferred in a collision is “leaked out” of only
certain modes. These modes were found to have low frequency and out‐of‐plane motion
giving them large energy transfer cross sections. Lendvay23 furthered this work through
classical trajectory studies on CS2 and found similar results. The study confirmed Clary’s
observations of only certain modes being responsible for a majority of energy transfer.
Lendvay referred to these as gateway modes or conduits where a majority of the energy is
leaked to the bath. A study13 of the difluorobenzene isomers performed by our lab found
these gateway modes for energy transfer to be consistent with C6F6.
This study joins with others as part of a larger more comprehensive work to analyze
the collisional energy transfer between all the fluorobenzene derivatives with CO2. C6F6 and
the difluorobenzene (DFB) isomers have been reported previously.6,13 Here we present
collisional studies between the three isomers of tetraflurobenzene (TetraFB), 1234‐
Tetrafluorobenzene, 1235‐tetrafluorobenzene, and 1245‐tertrafluorobenzene with CO2.
These studies will help to better understand what molecular parameters have the greatest
influence on the shape and magnitude of P(E,E′). The molecules in question all have the
same number of vibrational modes with similar motion and also have strong similarities in
their initial energy and chemical make‐up. As the number of differences between molecules
is minimized, changes in P(E,E′) can be more accurately linked to molecular properties.
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2.2 Experiment
The UV pump, IR probe technique used to study the collisional relaxation of the
three isomers of tetrafluorobenzene has been described in detail elsewhere;11,24,25
therefore, only a brief outline of the method is presented here. A 1:1 mixture of gas phase
tetrafluorobenzene and CO2 flows through a 3.0 m collision cell at a total pressure of ~20
mTorr. A 248 nm KrF excimer laser (Lamda Physik CompEx 201) generates excited
TetraFB through the S1←S0 transition. Electronically excited tetrafluorobenzene then
undergoes a rapid radiationless internal conversion into vibrationally excited states in the
ground electronic state, S1→S0*. Energy gain into individual rotational states of CO2 (0000,
J=58, 62, 70, 76, and 80) resulting from collisions with hot tetrafluorobenzene in S0* is
monitored by probing the transient absorption of IR light (λ= 4.3 µm) that is collinearly
propagated with the UV beam through the collision cell. The highly resolved (0.0003 cm−1)
IR laser (Laser Components) is used to probe the scattered CO2 molecules via the
antisymmetric stretch transition. To insure that only a single diode laser mode is detected,
the infrared light passes through a single grating monochromator (Acton Spectra pro 500i)
before being focused onto a liquid nitrogen cooled InSb detector.

Two types of

measurement are collected: the transient fractional absorption ΔI/I0 at 1 µs (mean collision
time is 4 µs) and the full width at half max (FWHM) of each of the rotational states. From
these two measurements, we determine the amount of energy gained by CO2. The increase
in CO2 translational energy is determined through the Doppler broadened linewidths of
each rotational peak.
For linecenter measurements, a reference CO2 signal is created by removing 4% of
IR light that passes through a CO2 reference cell into a second monochromator and detector
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in order to keep the laser frequency constant. For FWHM measurements, the laser is
locked onto a scanning Fabry‐Perot Etalon fringe. The fringe is moved using a DAC that is
calibrated between two peaks of known frequency in the reference cell. The etalon is then
used to scan 40 evenly distributed frequencies across the entire rovibrational lineshape
that are averaged over 100 laser shots. Linestrengths at the center of the ro‐vibrational line
are measured by locking the frequency of the diode to a CO2 reference peak. Rate constant
data is obtained from the linecenter and linewidth measurements. However, due to the
divergence of the excimer beam, the rate constants are only relatively accurate. A
calibration experiment21 is also performed which scales experimentally obtained rate
constants for pyrazine with literature values.26 The same scaling factor is then applied to
rate constants measured for each tetrafluorobenzene isomer under the same conditions.
This scaling allows for consistent comparisons across all isomers and with other molecules.
The 1,2,3,4‐tetraflurobenzene (Aldrich, 99% purity), 1,2,3,5‐tetrafluorobenzene
(Aldrich 95% purity) and 1,2,4,5‐tetrafluorobenzene (99% purity) were purified prior to
our experiments using the freeze‐pump‐thaw method.

2.3 Results
2.3.1 Rotational and Translational Excitation of Carbon Dioxide Bath.
Transient CO2 populations of various rotational states between J=58 and 80 in the ground
vibrational level(0000) were measured using infrared absorption following 248 nm UV
excitation of 1234‐tetraFB, 1235‐tetraFB, and 1245‐tetraFB. Because the CO2 rotational
and translational energies change with each collision, the distributions probed at short
times after the excimer laser pulse represent the nascent single collision dynamics without
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significant relaxation. Transient signals for the p70 {(0001, J=69) ← (0000, J=70)} CO2
transition at 2279.8391 cm−1, as a result of collisions with each of the fluorinated benzenes
investigated in this study, are shown plotted as a function of time relative to the excimer
laser pulse in Figure 2.1. The signals represent the average of 100 laser shots fired into a
1:1 flowing 20.0 mTorr gas mixture of CO2 and tetrafluorobenzene. Following a laser pulse,
CO2 molecules are scattered into rotationally excited states by collisions with the excited
donor molecules. By taking a measurement at 1 µsec, which represents one fourth of the
mean gas collision time, only single collisions between donor and bath are significant. The
data at times greater than 4 µsec are much more complicated because the state continues
to fill due to additional collisions with slightly thermalized TetraFB molecules as well as
CO2 molecules in higher rotational states relaxing into the state being probed. The
population at later times decreases through CO2 molecules undergoing relaxation out of the
high angular momentum states. The similarity between transients indicates that similar
numbers of CO2 molecules are scattered into this state by each donor. Measured
absorptions are converted27 to CO2 number density using absorption line strengths found
in the HITRAN spectroscopic database.28
Figure 2.2 shows a Boltzmann plot of the rotational state distribution of CO2
following a collision with TetraFB. A linear relationship observed over this set of J states
allows us to use a single temperature to describe each distribution. The temperatures
obtained for CO2 following collisions with 1234‐, 1235‐ and 1245‐TetraFB are 940 ± 120K,
and 920±70K, 870 ± 110K, respectively. These values are consistent with rotational
temperatures of high‐J tails found in previous studies of other fluorinated benzene
molecules (C6H6: 795 K6; C6H4F2: isomers 930, 970, and 1020 K13). It is important to note
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Figure 2.1: The fractional IR absorption of CO2 collisionally scattered into the 0000, J=70
state as a function of time following UV excitation of the three isomers of
tetrafluorobenzene (TetraFB). To ensure that the measured energy transfer parameters
represent single collision events, transient signals are measured at 1 µsec (1/4 the mean
collision time) following a laser pulse of a flowing gas mixture of 10 mtorr CO2 and 10
mtorr of 1,2,3,5‐ TetraFB (blue), 1,2,4,5‐TetraFB (green) or 1,2,3,4‐TetraFB (red).
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Figure 2.2: Boltzmann plot of the nascent rotational distributions in the ground vibrational
level of CO2 following excitation by single collisions with vibrationally hot 1,2,3,5‐ TetraFB
(blue), 1,2,4,5‐TetraFB (green) or 1,2,3,4‐TetraFB (red). Points are calculated from the
factional absorption of CO2 at 1 µsec after UV excitation of donor. The solid lines are the
best linear least squares fit to the experimental points measured over the range J = 58 to
80. The slope of the best fit line is equal to ‐1/kBTrot and the number densities, NJ, are in
units of molecules/cm3. The rotational temperature for CO2 molecules scattered into the
high J states following collisions with 1,2,3,4‐, 1,2,3,5‐, and 1,2,4,5‐TetraFB is 940 ± 120 K,
920 ± 70 K and 870 ± 110 K, respectively. Error represents 95% confidence limits.
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that this distribution is not representative of all states; rather it describes the distribution
over the states of the high‐J tail and not necessarily of those in the low‐J tail.
Doppler Broadened line shapes are measured to determine the velocity distribution
of CO2 molecules in the excited J state following collisions with TetraFB. In Figure 2.3a, a
Doppler broadened line shape for CO2 following a single collision with 1234‐TetraFB is
measured by averaging the transient signal at 1 µsec after the laser pulse at 40 equally
spaced frequencies across the p70 transition for CO2. The distribution of recoil velocities is
most accurately fit to a Gaussian distribution; therefore, a single translational temperature,
which is related to the full width at half maximum (FWHM), accurately describes this
distribution. A FWHM of 0.0081 ± 0.0003 cm−1 is calculated from the Gaussian fitting
parameters for this transition giving a Ttrans of 1090K. Figures 2.3b and 2.3c represent
lineshapes of the p70 transition for the reaction mixtures of 1235‐TetraFB and 1245‐
TetraFB with CO2 respective and give Ttrans values of 1160 K and 810 K respectively. These
linewidths are about two times the value of 0.0042 cm−1 obtained for a room temperature
distribution of CO2, signifying that a large amount of vibrational energy is transferred from
the donor and converted to translational energy in CO2.
Linewidths for CO2 J=58 to J=80 were measured and are tabulated in Table 2.1,
along with translational temperatures corresponding to each linewidth. Translational
temperatures are given in both lab frame and center of mass frame. Center of mass frame,
however, more accurately describes the amount of energy transferred in each collision.
Figure 2.4 graphically represents the translational temperatures plotted vs. J state; the
right axis gives the center of mass temperatures and the left axis correlates FWHM in
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Figure 2.3: Nascent Doppler broadened lineshapes for the absorption transition CO2 (0000;
J=70) → CO2 (0001; J=69) obtained by probing CO2 molecules excited by collisions with
vibrationally excited (a) 1,2,3,4‐, (b) 1,2,3,5‐ and (c) 1,2,4,5‐TetraFB. The lineshapes were
obtained using a flowing mixture of 10 mTorr CO2 and 10 mTorr TetraFB. The points
represent the fractional IR absorption of CO2 collisionally scattered into the 0000, J=70
state measured 1 µsec following 248 nm excimer laser pumping of TetraFB. Absorption
measurements are averaged over approximately 40 transient signals at each diode laser
frequency across the line. The solid lines are the best non‐linear least squares fit to a
Gaussian function. The full width at half maximum (FWHM) obtained from the measured
lineshapes is 0.0081 ± 0.0003, 0.0084 ± 0.0005, and 0.0070 ± 0.0019 cm−1 for 1,2,3,4‐,
1,2,3,5‐, and 1,2,4,5‐ TetraFB, respectively. For comparison, the FWHM of a CO2 lineshape
with Ttrans = 300 K is approximately 0.0042 cm−1. The final translational temperature, Ttrans,
is related to the linewidth, ∆ν0 (full width at half maximum) through the expression
Ttrans(K)=[mc2(∆νobs)2]/[8Rln2(ν0)2], where m is the mass of CO2, c is the speed of light, R is
the gas constant, and ν0 is the wavenumber at the center of the absorption line.
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Table 2.1: Full width at half Maximum Doppler linewidths,a translational temperatures,b and center of mass translational
temperaturesc with uncertaintyd for CO2(0000, J) following collisions with highly vibrationally excited 1,2,3,4-tetrafluorobenzeneE',
1,2,3,4-tetrafluorobenzeneE', and 1,2,3,4-tetrafluorobenzeneE'.e
CO2

1,2,3,4‐tetrafluorobenzene

1,2,3,5‐tetrafluorobenzene

(0000,J)f

∆νobs, (cm–1)a

Ttrans, Kb

, Kc

58

0.0053±0.0006

460±50

62

0.0071±0.0009

70

1,2,4,5 tetrafluorobenzene

∆νobs, (cm–1)a

Ttrans, Kb

, Kc

∆νobs, (cm–1)a

Ttrans, Kb

, Kc

510±60

0.0057±0.0010

540±190

610±250

0.0059±0.0004

570±70

650±90

820±230

970±300

0.0060±0.0007

590±150

670±190

0.0051±0.0008

430±140

470±180

0.0081±0.0003

1090±75

1320±100

0.0084±0.0005

1160±150

1410±190

0.0070±0.0019

810±500

970±650

76

0.0085±0.0006

1190±190

1450±240

0.0096±0.0004

1500±160

1870±190

0.0082±0.0013

1130±400

1370±490

80

0.0112±0.0019

2080±790

2610±1010

0. 0109±0.0009

2000±320

2500±420

0.0094±0.0016

1630±390

2020±500
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Table 2.1 continued
a

The measured full width at half maximum (FWHM) of the transient Doppler linewidths for the CO2(0000,J)→CO2(0001,J‐1)

transition, determined at 1 µs after tetrafluorobenzene excitation in a 1:1 sample of tetrafluorobenzene:CO2 at a total pressure
of 20 mTorr. FWHM is obtained from fitting the experimentally determined Doppler lineshapes with a Gaussian function. The
thermal Doppler linewidth for CO2 at T=298 K is ∆ν0 =0.0042 cm–1. b The final translational temperature, Ttrans, is calculated
from the linewidth, ∆ν0 (FWHM), using the expression Ttrans(K)=[mc2(∆νobs)2]/[8Rln2(ν0)2], where m is the mass of CO2, c is
the speed of light, R is the gas constant, and ν0 is the wavenumber at the center of the absorption line. c The final center of mass
COM
CO2
CO 2
COM
(K) = Ttrans
+ (Ttrans
− T)(mCO2 /mtetrafluorobenzene ) , where TfCO2 is the
temperature, Ttrans
, is obtained from the expression Ttrans

temperature describing the CO2 lab frame velocity, T is the ambient cell temperature, and m is the mass of CO2 and

€
tetrafluorobenzene, respectively.

d

€ with 95% confidence intervals. e The internal energy
€ following 248 nm
Errors calculated

excitation of 1,2,3,4‐tetrafluorobenzene is E'=41,274 cm−1, 1,2,3,5‐tetrafluorobenzene is E'=41,403 cm−1, and 1,2,4,5‐
tetrafluorobenzene is E'=41,395 cm−1, where differences are due to different amounts of thermal energy which are a result of
differing vibrational frequencies. f The final CO2 rotational energy state following collision with vibrationally excited donor.
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Figure 2.4: The FWHM Doppler linewidth of absorption transitions probing high rotational
states (J=58‐80) of CO2 following collisions with vibrationally hot 1,2,3,5‐ TetraFB (blue),
1,2,4,5‐TetraFB (green) and 1,2,3,4‐TetraFB (red) is plotted against the final rotational
state J. The linewidth in wavenumbers is plotted on the left axis and center of mass
translational temperatures determined from the measured linewidths are given on the
right y‐axis. The linewidths are measured 1 µsec following 248 nm excimer laser excitation
of the TetraFB, insuring that the measured velocity distributions are the result of single
collisions between CO2 and TetraFB (τcoll ≈ 4 µsec). Plot shows that Tcom increases
monotonically with final J state.
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wavenumbers. An upward trend between increasing J state and translational temperature for
scattered CO2 indicates higher J states have a larger distribution of translational temperature than
scattering into lower states. The linear relationship is the result of a constant impact parameter
over these J-states.26 When comparing the plots for each of the molecules and taking into account
the errors listed in the table, the similarity between each of the TetraFB isomers continues to be
exhibited.
2.3.2 State‐Resolved Scattering Energy Transfer Rate Constants and Probabilities.
Rate constants for scattering into each state are calculated at 1 μsec, much less than
the mean gas kinetic collision time and thus represent the rate and probabilities of single
collision events. The expression

[CO (00 0J,V )]
[CO ] [TetraFB ] t
0

k2J =

(2.1)

2

E"

2 0

0

is used to calculate this rate constant where [CO2 (0000J,V)] is the concentration of CO2
molecules excited into
! a specific state obtained through infrared absorption measurements,
[CO2]0 is the initial number of CO2 molecules obtained through pressure, and [TetraFBE´]0 is
the number of TetraFB molecules excited to energy E´ found through absorption of excimer
laser pulses. Rate constants from collisions between hot (E´ ≈ 41,000 cm−1) TetraFB with
CO2 are given in Table 2.2. To account for UV divergence, rate constants are scaled using
the method described in the experimental section where experimental rate constants using
pyrazine/CO2 are scaled to literature values20 and the same scaling is then applied to these
rate constants. Table 2.2 also contains energy transfer probabilities representing the
probability of a CO2 molecule being scattered into a particular J state following a collision
with TetraFB. These values are obtained using the relationship
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Table 2.2: State-specific energy transfer rate constants ( k 2J ) and probabilitiesa ( k 2J /k LJ ) for the
energy transfer process tetrafluorobenzeneE’+ CO2(0000)→tetrafluorobenzeneE + CO2(0000,J,V).
€
€
k2J (10−12 cm3 molecule−1s−1)

Jfinal
1,2,3,4‐TetraFB

1,2,3,5‐TetraFB

1,2,4,5‐TetraFB

58

€
7.27±0.7

7.36±0.6

7.49±0.9

62

6.95±1.3

5.86±0.4

4.86±0.5

70

3.81±0.5

3.64±0.6

2.90±0.3

76

2.04±0.1

2.11±0.2

1.67±0.2

80

1.84±0.1

1.54±0.1

1.43±0.3

k2J /kLJ (10−3)

Jfinal
58

14.1±1

14.3±2.6

14.5±1.8

62

13.5±3

11.4±1.9

9.4±0.1

70

7.4±2

7.1±2.8

5.6±0.6

76

3.9±0.3

4.1±0.7

3.2±0.3

80

3.6±0.3

3.0±0.5

2.8±0.6

€
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Table 2.2 continued
a

The probability for energy transfer is given as ProbLJ = k2J /kLJ, where kLJ is the Lennard-Jones

has

kinetic

[

collision

rate

]

kLJ = π ( dCO2 + dtetrafluorobenzene ) /2

2

constant.

It

€

(8kB T ) /(πµ)Ω12 ,

is

(see

Ref.

29)

as

where dCO2 = 4.5Å, Ref. 30, dtetrafluorobenzene =

5.4 Å (assumed to be equal to benzene, Ref. 30),
€

defined

is Boltzmann's constant, and µ is the

€
€
reduced mass. Ω12 is the Lennard-Jones collision integral given by the following expression:31
−1

Ω12 = [0.636 + 0.567log(kT /ε12 )] , where

is tetrafluorobenzene-CO2 well depth with ε CO2 / k

=195 K, (Ref.30), ε1,2,3,4TetraFB /k =423 K, ε1, 2, 3, 5TetraFB / k =410 K, and ε1, 2, 4, 5TetraFB / k =418 K (Ref.

€

€
32), and ε12 = ε CO2ε tetrafluorobenzene . The Lennard-Jones collision rate constants at 298 K for the

€
€
€
three isomers of tetrafluorobenzene are kLJ(1,2,3,4TetraFB)= 5.17×10−10 , kLJ(1,2,3,5TetraFB)= 5.14 ×10−10 ,
€
and kLJ(1,2,4,5TetraFB)= 5.16×10−10 cm3 molecule -1 s-1.

€
€

€
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Prob J =

k 2J
kLJ

(2.2)

where the experimental rate constant is divided by the Lennard‐Jones rate constant.
!
Although Lennard‐Jones almost certainly does not give an accurate description of the
intermolecular potential, using it as a theoretical collision rate constant provides the
benefit of allowing these results to be compared to those of previous studies and also
compared within the group. A detailed discussion14 of using Lennard‐Jones as a scaling
factor of energy transfer probability has been given elsewhere.
2.3.3 Energy Transfer Probability Distribution Function
The rate constants and energy transfer probabilities obtained in this study are
indexed according to CO2 rotational states; energy transfer probability can be resorted as a
function of E − E′ to obtain P(E,E′)5 where E′ is the precollision energy of the donor and E is
the final energy of the donor following a single collision between donor and bath. Figure
2.5 plots P(E,E′) vs. ΔE using a linear scale for the y‐axis. Previous work5,6,12‐14 has shown
that a single exponential function is not sufficient to adequately describe the relationship
between probabilities and their corresponding energy transfers given the constraints of
normalization and detailed balance; therefore, a normalized double exponential function,
including weak and strong collision parameters, developed by Troe19 that fits the data with
greater accuracy given the constraints has been used. Figure 2.6 displays both the
experimental P(E,E′) and the fit of the double exponential function with a logarithmic
scaled y‐axis. The downward collision probabilities are described by the bi‐exponential
function according to
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Figure 2.5: Shown are plots of the large ΔE tail of the energy transfer probability
distribution function, P(E,E') describing the first Lennard‐Jones collision between
vibrationally excited 1,2,3,5‐ TetraFB (blue), 1,2,4,5‐TetraFB (green) ,1,2,3,4‐TetraFB (red)
and C6F6(black) at energy E' ≈ 41,000 cm−1 and a CO2 bath molecule resulting in CO2
excitation into high rotational angular momentum states (J = 58 ‐ 80) of the ground
vibrational level.

30

Figure 2.6: Plot (noisy line) of P(E, E') for 1,2,3,5‐ TetraFB (blue), 1,2,4,5‐TetraFB (green)
and 1,2,3,4‐TetraFB (red) with CO2 and E' ≈ 41,000 cm−1 along with the best‐fit
biexponential model functions (eq 2.3) (solid line). The P(E,E') shown is calculated based
on the estimated value of <Ji >=28.7 for the mean initial rotational state, Ji, for collisions
populating high Jf states (Jf = 58 ‐ 80) of CO2.
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P(E,E ") =

(1# f ) exp{#( E " # E) / $} + f exp{#( E " # E) / % }
(1# f )($ + &) + f (% +' )

E ( E"

(2.3)

The characteristic energy for downward “weak” collisions is represented by α, while
!
downward “strong” (or super) collisions is given by γ. Upward collisions are given by the
parameters β and δ for the respective weak and strong collisions where β and δ are related
to α and γ by detailed balance.19 The parameter f is related to the “fraction” of strong
collisions; although not strictly a fraction, it does grow larger as the number of
supercollision events increase. Another equation relating upward collisions is similar in
form, but exchanges E for E′, α for β, and γ for δ. Fitting this function is not required since
detailed balance is used to obtain up collision parameters from the fitted down collision
parameters.

2.4 Discussion
The purpose of this study is to explore how molecular properties of the three
TetraFB isomers correlate with their energy transfer probability distribution functions.
The study is part of a larger systematic study of single collisions between CO2 and the set of
fluorinated benzene molecules. The study benefits from maintaining all experimental
conditions while only changing the donor molecule. By looking at all of the fluorobenzenes,
differences in the nature of energy transfer as a result of the number of flourines can be
observed, as well as assessing the influence of changing the fluorine position within an
isomer group. These changes alter various properties that have been linked to energy
transfer efficiency. These include, but are not limited to, density of states, dipole moment,
and frequency of specific vibrational modes, the latter which has been shown to be

32
particularly important. The set of fluorobenzene molecules provides twelve different donor
molecules with the same number of vibrational modes, each with the same basic motion,
varying only in frequency.
Beginning with a comparison of probabilities in Table 2.2 reveals that energy
transfer probability of 1234‐TetraFB and 1235‐TetraFB are consistent with each other
especially when experimental error is considered. Collisions between 1245‐TetraFB and
CO2 result in consistently lower probabilities over a majority of the probed J states. It is no
surprise then that the calculation of the probability distribution as ordered by energy
transfer probability follows the same pattern over the range of ΔE=2000‐7000 cm−1.
Comparison of P(E,E′) (see Figure 2.5) shows similar red and blue lines representing 1234‐
TetraFB and 1235‐TetraFB, but a lower green line representing 1245‐TetraFB. C6F6 is also
plotted in black as a reference and to assist in the fractional mode analysis.
Probability of energy transfer is linked to both the frequency of a mode and the
fraction of molecules with sufficient energy in that mode to facilitate energy transfer12,14,21
Considering only the frequency of vibration is a limited view of the overall picture. Clary
and coworkers performed quantum scattering calculations22 between benzene and helium
to show that vibrational modes with lower frequency or out‐of‐plane motion were most
responsible for energy transfer. This result was later confirmed through classical trajectory
calculations23 performed on CS2. These studies indicated that lower frequency or out‐of‐
plane motion had larger energy transfer cross sections allowing them to more efficiently
transfer larger amounts of energy in a single collision. Clary22 used the quantum scattering
calculations to identify modes ν6, ν11 and ν16 as those most responsible for energy transfer
in collisions and as having the largest cross‐section for energy transfer. The study went on
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to show that in addition to frequency of vibration, the actual motion mattered as well.
When ν6, a stretching mode, was given the same frequency as ν16, an out‐of‐plane bending
mode, ν16 still had a larger energy transfer cross‐section thus resulting in greater single
energy transfer events. Lendvay23 refers to these modes where large amounts of energy are
leaked out as gateway modes.
A vibrational mode with a larger mass vibrates at a lower frequency and according
to the calculations discussed above transfers more energy through a collision making it a
more efficient mode at transferring energy, but the fraction of molecules with the
necessary amount of energy required for a given ΔE must also be considered. Previous
work12 has shown that a “fractional energy transfer distribution” model or f(E,E′) relates
the efficiency of a mode with the fraction of molecules having sufficient energy in that
mode to transfer a particular ΔE. Because the molecules are not from the same point group,
Wilson notation33 is used for the comparison of vibrational frequencies. Wilson notation
assigns vibrational modes based on motion of benzene‐like molecules such that ν1 is the
same motion in every molecule irrespective of the molecule’s point group. Because the
assignment describes the same motion for all fluorinated benzene molecules, comparison
of a mode is effectively a comparison of frequency.
Fractional mode analysis calculates the fraction of molecules within each mode that
has sufficient energy to transfer and may shed light on which modes are responsible for
energy transfer. Figure 2.7 gives a visual idea of how mode fractions for a molecule with a
certain amount of energy change relative to each other. Three plots are shown in Figure 2.7
representing the fraction of modes with at least (a) 2000, (b) 5000, and (c) 8000 cm−1 of
energy for all the TetraFB isomers and C6F6. Along the bottom of each plot are modes that
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(a)

(b)

0.35
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Figure 2.7: Fractional mode populations for highly vibrationally excited (E'~41,000
cm−1) 1,2,3,4‐TetraFB (red), 1,2,3,5‐TetraFB (blue), 1,2,4,5‐TetraFB (green) and C6F6
(black) with at least (a) 2000 cm−1, (b) 5000 cm−1 and (c) 8000 cm−1. The x‐axis is the
vibrational mode assignment according to Wilson notation, which has been used so that
mode assignments represent the same vibrational motion in each molecule. Only the
vibrational modes that were determined to be "gateway" energy transfer modes in
quantum scattering calculation of the relaxation of benzene by He (ν6a, ν6b, ν11, ν16a, and
ν16b), the remaining out‐of‐plane or low frequency ( <500 cm−1) vibrational modes
(ν4, ν5, ν10a, ν10b, ν17a,

ν17a, and

ν18b)

are

also

included

in

the

figure.
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are either low frequency (<500 cm−1) or out‐of‐plane, as these modes, according to theory,
are most likely to be responsible for the shape of P(E,E′); the y‐axis shows the fraction of
molecules for each mode that has at least the set amount of energy. Table 2.3 lists the
frequencies of these vibrational modes for 1234‐TetraFB, 1235‐TetraFB, 1245‐TetraFB,
and C6F6 and indicates the modes whose motion is out‐of‐plane. Clary, et al have shown ν16
and ν11 of benzene to have greater energy transfer efficiencies and therefore have a larger
influence on P(E,E′). By applying Clary’s findings to the molecules in this study, ν16 and ν11
are the only modes that have C6F6 with a large fraction of molecules with at least 2000 cm−1
of energy and then a relative decrease in fraction as molecules with at least 5000 and 8000
cm

‐1

are considered. 1234 and 1235‐TetraFB appear to also follow the trend especially

when considering the frequency of vibration is lower for 1234‐TetraFB in these modes of
interest resulting in a slightly larger efficiency. 1245‐TetraFB has the lowest probability for
transferring energy over the magnitude of ΔE values according to the P(E,E′) plot and yet
has a largest fraction of molecules with energies 2000, 5000, and 8000 cm−1 relative to the
fraction of other molecules considered in modes ν16 and ν11. This apparent anomaly
suggests 1245‐TetraFB either does not use ν16 or ν11 as an energy transfer gateway or the
model does not account for other possible sources of inefficiencies. One possible source
could be large inefficiencies in other modes resulting in a lower overall magnitude for
P(E,E′). The fraction only gives information about the number of molecules with that
motion that have sufficient energy to transfer and relative mode efficiency based on
frequencies can only be estimated. 1245‐TetraFB has a consistently large fraction in modes
ν16 and ν11 and a consistently lower magnitude in the P(E,E′) relative to the other TetraFBs.
This observation would suggest that if ν16 and ν11 are the energy transfer gateways, then
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Table 2.3 The motion assignment of fundamental vibrational modes with frequency < 500
cm−1 for tetrafluorobenzene and C6F6.
Modea

1,2,3,4‐TFBb

1,2,3,5‐TFB

1,2,4,5‐TFB

C6F6

motion

4

169

706

669

249

o, ring deform

5

929

205

835

714

o, C‐F bending

6a

459

458

485

264

ring stretching

6b

487

508

438

264

ring deform

9a

1175

310

280

443

C‐F bending

9b

291

334

637

443

C‐F bending

10a

374

258

417

370

o, C‐F bending

10b

276

368

295

370

o, C‐F bending

11

802

843

194

215

o, C‐F bending

12

279

787

700

640

ring deform

15

748

258

299

208

C‐F bending

16a

537

557

600

175

o, ring wagging

16b

596

610

456

175

o, ring wagging

17a

717

838

140

595

o, C‐F bending

17b

802

139

867

595

o, C‐F bending

18a

325

1130

346

1530

C‐F bending

8

8

10

13

Tot. #
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Table 2.3 continued
o : out‐of‐plane motion
a : Wilson notation expression for fundamental vibrational mode33
b : Motion assignment for tetrafluorobenzene is obtained from Ref. 34 and 35
c : Motion assignment for perfluorobenzene is obtained from Ref. 36
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1245‐TetraFB must have a lower overall efficiency within all the modes in comparison to
the other molecules. This explanation could account for the observation in ν16a, but ν11 has
a frequency four times smaller in 1245‐TetraFB than the frequency of the other two. This
low frequency should then have a much larger efficiency contributing greatly to the
magnitude of P(E,E′).
Comparing the TetraFB set of isomers against other molecules of similar type
requires several properties to be considered. Table 2.4 presents parameters obtained
through fitting the experimental P(E,E′) to the double exponential represented by eq 2.3 to
P(E,E′) for the three isomers of TetraFB along with values obtained from studies of C6F6,5
the three DFB isomers,13 and MFB.37 The table also lists molecular properties of initial
energy, dipole moment, density of states, and number of low frequency modes for each of
the molecules. A similar initial energy among the fluorinated benzene molecules is
advantageous and offers more consistency for comparison.
The first property to consider among all these molecules is the number of low
frequency modes; these increase with the addition of more fluorines as would be expected.
Previous work14 suggested that the fraction of strong collisions, f, is linked to the number of
low frequency modes. Among the TetraFBs, 1245‐TetraFB would be expected to have a
much different f due to the increase in low frequency modes, however the cutoff point used
must also be taken into consideration. 500 cm−1 is arbitrarily chosen. If 600 cm−1 were
chosen both 1235‐TetraFB and 1245‐TetraFB would have 11 low frequency modes, and at
400 cm−1 1234‐TetraFB and 1245‐TetraFB would have 6 while 1235‐TetraFB would have
7. An observation of similar f values between the three is not surprising. It would be

Table 2.4: The downward collision bi‐exponential fit parameters (γa, αb, f c, and ΔE

d

d)

for the experimentally obtained large delta E

of P(E,E′) in the high ΔE tail as well as several molecular parameters comprising initial energy E′, molecular dipole moments, the pre‐

€
collision state density, and the number of vibrational modes with frequency less than 500 cm−1 for various fluorinated benzene
donors.
Donor

γa ( cm−1)

αb (cm−1)

fc

Initial Energy, E′

Dipole

(cm−1)

(cm−1)

momente (D)

ΔE

d

d

ρ(E′)f

s < 500 cm−1 g

C6H5Fh

1924

298

€0.03

574

40,843

1.66

2.9 × 1016

4

12‐DFBh

1850

343

0.06

739

41,025

2.59

5.7 × 1017

5

13‐DFBh

2061

295

0.03

638

41,011

1.51

5.2 × 1017

5

14‐DFBh

2408

294

0.03

713

41,019

0

5.5 × 1017

6

1234‐TetraFB

1796

391

0.06

688

41,274

2.42

4.7 × 1019

8

1235‐TetraFB

1886

376

0.05

672

41,403

1.46

2.7 × 1020

8

1245‐TetraFB

1617

380

0.05

594

41,395

0

2.3 × 1020

10

C6F6h

1411

620

0.15

847

41,822

0

2.1 × 1023

13

39

Table 2.4 continued
a

The characteristic strong energy transfer magnitude as determined from the biexponential fit of the P(E,E′) data.

b

The characteristic

weak energy transfer magnitude as determined from the biexponential fit of the P(E,E′) data. c The “fraction” of strong collisions as
determined from the biexponential fit of the P(E,E′) data. d The average energy transferred in a single downward collision involving a
vibrationally excited donor and CO2. Determined using the biexponential fit paramters according to ΔE d =(α2(1-x)+ γ2x)/( α (1x)+ γx).

e

Molecular dipole moments obtained from ref 38. f The vibrational density of states for the donor molecule at the energy

following the absorption of a 248 nm photon calculated using the Whitten—Rabinovitch €
algorithm (ref 39).

g

The number of

vibrational normal modes with frequencies less than 500 cm−1. Normal-mode frequencies for C6F6 are from refs 34 and 40 and
1,2,3,4-, 1,2,3,5- and 1,2,4,5-TetraFB are obtained from refs, 34 and 35.

h

P(E,E′) parameters for MFB, DFB, and C6F6 are obtained

from ref 5,13,37.

40
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expected that the TetraFB isomers would have an f value that is closer to C6F6 than any of the
DFB isomers, but 12-DFB is as large or larger than all of the TetraFB isomers. According to
these results, the number of low frequency modes is not adequate to predict the difference f
among the TetraFB isomers.
In addition to the number of low frequency modes, dipole moments have also been
suggested to have an effect on energy transfer and ultimately P(E,E′). Mullin et al.18
presented work comparing pyridine to pyrazine. They found pyridine to have a larger V→V
energy transfer pathway relative to the V → RT in comparison to the ΔE pathways of
pyrazine. The observation was attributed to the large (2.2 D) dipole moment of pyridine.
Our lab experimentally determined P(E,E′) for pyridine only to find that the fraction was
much smaller in comparison to other molecules leading to the conclusion that dipole
moment decreases the P(E,E′) strong collision tail.14
The study presented here has the benefit of comparing three molecules of the same
mass and elements that differ in dipole moment. The fraction of strong collisions may be
connected to dipole moments; 1234‐TetraFB and 12‐DFB each have a dipole moment of
around 2.5 D making them the most polar molecule in their respective isomer groups.
These two polar molecules also share a value of 0.6 for the fraction of strong collisions,
which is the largest fraction for those two groups. This correlation is not conclusive as of
yet; an analysis of the TriFB isomers, currently underway, may provide more data to
improve this observation. A comparison of the rotational temperatures of CO2 following
collisions with either DFB or TetraFB shows an opposing trend for DFB where the dipole
moment increases while rotational temperature decreases; however, a direct trend is
observed for TetraFB where increasing dipole also increases rotational temperature. This
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observation may be more related to mass distribution than actual dipole moment or may
not have any real correlation A study of the V → V energy transfer pathway for these two
groups could shed new light on this apparent phenomenon.
Scientists13,14,21,41‐44 are beginning to establish a correlation between the shape of
the energy dependent density of states and P(E,E′) through multiple studies and the
TetraFB study is no exception. The basis of the model comes through the following
equation, which is an application of Fermi’s Golden rule
2

P(E,E ") # Vif $(E)$( E ")

(2.4)

where Vif represents the matrix element, 〈iHf〉, which couples initial and final states, and

!
ρ(E) and ρ(E′) are the density of states at E and E′ respectively. Figure 2.8 plots the shape
of P(E,E'), represented by the values of the inverse of gamma and alpha, against the energy
dependent state density given by the slope of ln[ρ(E′‐ΔE)] versus ΔE. Several molecules are
represented in the plot; from left to right they are MFB, 3 DFB isomers, 3 TetraFB isomers,
and C6F6. Tetra FB shows good correlation for both the inverse of alpha, the weak collision
fitting parameter, as well as for the inverse of gamma, the strong collision fitting
parameter. The strong correlation with the inverse of gamma can be attributed to the
experimental measurement of the large ΔE portion of P(E,E′). The inverse of alpha shows
only a reasonably good linear fit. Errors are expected given that the small ΔE portion of
P(E,E′) is based on an extrapolation of the experimental portion of P(E,E′) using eq 2.3 and
therefore introduce greater uncertainty in the small ΔE region. With that said, the isomers
of TetraFB show a strong fit to this linear relationship for both alpha and gamma despite
the introduction of any error resulting from extrapolation. The graph clearly shows that the
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The Shape of P(E,E'); 1/! and 1/" (1/cm-1)

3.5x10-3

3x10-3

1/!

2.5x10-3

2x10-3

1.5x10-3

1x10-3

1/"
5x10

-4

0
0.00056

0.00058

0.0006

0.00062

0.00064

The Energy Dependency of State Density;
The Slope of ln [#(E-$E)] vs. $E

Figure 2.8: The correlation between the shape of P(E,E') as determined by the
biexponential fit parameters (1/α and 1/γ) and the shape of energy dependent state
density of the donor molecules given by the slope of ln[ρ(E′‐ΔE) vs ΔE. Circles represent
the characteristic energy transfer magnitude for "strong" collisions (γ) while the squares
are the characteristic energy transfer magnitude for "weak" collisions (α). Based on the
application of Fermi's Golden Rule to collisional deactivation of vibrationally excited donor
molecules in collisions with CO2. From left to right in the figure data points are for
monofluorobenzene, the three difluorobenzenes, the three tetrafluorobenzenes, and C6F6.
Monofluorobenzene, difluorobenzenes, and C6F6 data are from Refs (5,13,37). The shape of
the energy transfer distribution function as a function of ∆E mirrors the shape of the final
donor density of states as a function of energy transferred (∆E). The shape of both the
strong and weak collision region of P(E,E') is correlated with the donor molecule's final
density of states.
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density of states, which is a better way to represent the lowering of frequency over all
modes, does effect the shape of P(E,E') and ultimately the amount of energy transferred in a
collision.

2.5 Conclusion
The collisional relaxation of 1234‐TetraFB, 1235‐TetraFB, and 1245‐TetraFB
following collisions with CO2 has been studied by probing CO2 energy gain using transient
IR diode laser spectroscopy. Rotational populations and recoil velocity distributions for
rotational states J=58‐80 of the 0000 level of CO2 were measured. Rate of scattering into
these states was also measured and used to calculate state resolved energy probabilities
that are resorted according to ΔE to give the large ΔE region of the energy transfer
distribution function or P(E,E′). A double exponential function was used to fit this function
giving parameters representing strong and weak collisions; these parameters were found
to be largely dependent on the shape of the donor’s state density plotted as a function of
internal energy. Dipole moment has also been shown to have a possible correlation with
the fraction of strong collisions, and fractional mode analysis has shown ν16 and ν11 as the
most probable gateway modes for TetraFB.
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Chapter 3
Collisional Relaxation of the Three Vibrationally Excited
Trifluorobenzene Isomers by Collisions with CO2: Effect of
Dipole Moment on Fraction of Strong Collisions
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3.1 Introduction
Collisional energy transfer has intrigued scientists1,2 for decades. In part, this
interest is due to the close relationship between energy transfer and unimolecular
reactions. This close relationship between energy transfer and unimolecular reactions can
clearly be seen in master equation modeling of thermal unimolecular reactions.3 A key
component of the master equation is the rate at which energy is transferred to or from a
molecule prior to product formation as contained in the energy transfer probability
distribution function or P(E,E′). P(E,E′) is the probability that a molecule with initial energy
E′ will have energy E following a single collision. Although P(E,E′) has long been recognized
as the key energy transfer kinetic measurement, it has only been in the past 10 years that
experimental techniques have been capable of measuring P(E,E′) for large molecules with
chemically significant amounts of energy. The first experimental measurements were made
by Flynn and coworkers;4,5 other techniques have since been used to measure P(E,E′)
including KCSI6‐8 and molecular beam imaging techniques.9‐11 However, as experimental
measurements are still relatively recent, correlation between molecular properties and the
form of P(E,E′) are not well established. Efforts in our lab12,13 have focused on making
connections between P(E,E′) shape and molecular properties of collision partners.
Our lab uses experimental methods similar to those developed by Flynn14,15 and
used by the Mullin.16,17 A donor molecule is electronically excited using an excitation laser;
following a rapid radiationless relaxation into the ground electronic state, the now
vibrationally hot donor molecule collides with a bath molecule transferring large amounts
of energy to the bath. Energy transfer has been studied by observing energy loss from the
donor, but when studying molecules with chemically significant amounts of energy, it is
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only possible to measure the average amount of energy transferred. Because the amount of
energy lost by the donor is equal to the energy gained by the bath, if simple bath molecules
are chosen where individual ro‐vibrational states can be probed by the diode laser, single
collision energy transfer can be studied using this technique. Although vibrational energy is
transferred to both the vibrational (V–V) and the rotational and translational (V–RT)
degrees of freedom of the bath, our studies here focus on the V–RT pathway accounting for
~90% of the total energy transfer probability. This is accomplished through measuring the
population of a selected ro‐vibrational peak by measuring the absorption at the linecenter
and the recoil velocity through a measure of the Doppler broadened lineshapes. Measuring
these lineshapes is made possible because the laser frequency bandwidth (ν=0.0003 cm−1)
is considerably smaller than a CO2 room temperature lineshape (ν=0.0042 cm−1).14,18 In
addition to this, the rate of scattering into a selected ro‐vibrational state is measured. These
measurements can be used to obtain P(E,E′) for a given donor‐bath pair.
Knowing how P(E,E′) compares graphically, based on experimental results, to other
molecules is useful, but a few parameters that represent this function and have chemical
meaning would allow for simpler comparisons. A double exponential function has been
shown3,19 to fit the shape of P(E,E′) well. This function gives parameters related to the
shape of P(E,E′) and which represent the average energy of weak and strong collisions
where energy is both gained and lost. The “up” collision, relative to donor, parameters are
not necessary to directly measure as they are related to the down collision parameters via
detailed balance. These parameters are useful when comparing how weak and strong
collisions change based on the donor molecule in use. Ongoing research13,15,20 has found
density of states to largely influence these weak and strong parameters and thus the shape
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of P(E,E′). One other useful parameter is generally referred to as the fraction of strong
collisions and increases as the fraction of strong collisions increase. Previous work21 has
shown the number of low frequency modes (<500 cm−1) to effect the fraction of strong
collisions.
In addition to knowing P(E,E′), the modes that are most responsible for the shape of
P(E,E′) can also be determined. Sevy15 presented the idea of a fractional energy transfer
distribution or f(E,E′) model that relates mode efficiency and fraction of molecules in the
mode with sufficient energy to transfer. The function will closely mirror the shape of
P(E,E′) for the modes that are most involved in energy transfer. Clary22 first suggested the
idea of certain modes being responsible for a majority of the energy transfer through
quantum scattering calculations using benzene and helium. He showed certain modes had
larger energy transfer cross sections making them more likely to participate in a collision.
The size of this cross section could be increased with lower frequency modes or out‐of‐
plane motion causing these modes to be more efficient at transferring large amounts of
energy. Lendvay23 referred to these vibrational modes through which energy leaks out of
the molecule as “gateway modes”.
This study joins with previous work performed by our lab to experimentally
determine P(E,E′) for all fluorinated benzene derivatives and make comparisons between
the entire group. Here we present 1,2,3‐trifluorobenzne, 1,2,4‐trifluorobenzne, and 1,3,5‐
trifluorobenzne representing all the isomers of trifluorobenzene (TriFB). We will largely
make comparisons between the TriFBs and previous fluorobenzene studies including
monofluorobenzene (MFB),24 the three diflurobenzene (DFB) isomers,13 thee three
tetraflurobenzene (TetraFB) isomers,25 and C6F6.5 Using this comprehensive group of
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molecules, each has the same number of vibration modes with generally the same motion
and differing in frequency; the chemical make‐up is also similar along with internal energy.
Comparisons between the isomers of TriFB allow for even more subtle changes to be
considered; mass will not change nor will chemical make‐up leaving only dipole moment
and frequencies of motion as variables for comparison.

3.2 Experiment
The UV pump, IR probe technique used to study the collisional relaxation of the
three isomers of trifluorobenzene has been described in detail elsewhere;12 therefore, only
a brief outline of the method is presented here.

A 1:1 mixture of gas phase

trifluorobenzene and CO2 flows through a 3.0 m collision cell at a total pressure of ~20
mTorr. A 248 nm KrF excimer laser (Lamda Physik Complex 201) creates excited TriFB via
the S1←S0 transition of trifluorobenzene. Electronically excited trifluorobenzene then
undergoes a rapid radiationless internal conversion into high‐vibrationally excited states in
the ground electronic state, S1→ S0*. Energy gain into individual rotational states of CO2
(0000,J=58, 62, 70, 76, or 80) resulting from collisions with hot trifluorobenzene in S0* is
monitored by probing the transient absorption of IR light (λ= 4.3 µm) that is collinearly
propagated with the UV beam through the collision cell. The highly resolved (0.0003 cm−1)
IR laser (Laser Components) is used to probe the scattered CO2 molecules via the
antisymmetric stretch transition in CO2. To insure that only a single diode laser mode is
detected, the infrared light passes through a single grating monochromator (Acton Spectra
pro 500i) before being focused onto a liquid nitrogen cooled InSb detector.
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Two types of measurements are collected: the transient fractional absorption ΔI/I0,
recording the value at 1 µs following each laser pulse (the mean collision time is 4 µs) and
the full width at half max (FWHM) of each of the rotational states. From these two
measurements, we determine the amount of energy gained by CO2. A reference CO2 signal is
created by passing ~4% of the IR light through a CO2 reference cell into a second
monochromator and detector and stored on an oscilloscope. Rotational populations are
measured by locking the frequency of the diode to the center of this CO2 reference peak.
The CO2 translational energy gained is determined through the Doppler broadened
linewidths of each rotational peak. For FWHM measurements, the entire ro‐vibrational
lineshape must be measured. This is done by collecting a transient signal at about 40
evenly spaced frequencies across the line. To adjust the frequency, the diode frequency is
locked to a fringe of a scanning Fabry–Perot Etalon (free spectral range = 289 MHz); the
frequency of the laser is known through a DAC calibration by which the etalon is scanned
between two CO2 peaks of known frequency, is changed. The measured lineshape is then fit
to a Gaussian function to determine the FWHM. Rotational populations and recoil velocities
were measured for peaks 58, 62, 70, 76, and 80 in our experiment.
Because of excimer laser divergence down the collision cell, rate constants are only
relatively accurate; therefore, a calibration experiment was also performed12 which scales
experimentally obtained pyrazine rate constants with literature values.20 That same scaling
factor is then applied to a simultaneously measured trifluorobenzene rate constant
allowing for consistent comparisons across all isomers and with other molecules.
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The 1,2,3‐triflurobenzene (Aldrich, 99% purity), 1,2,4‐trifluorobenzene (Aldrich
98% purity) and 1,3,5‐trifluorobenzene (97% purity) were purified prior to our
experiments using the freeze‐pump‐thaw method.

3.3 Results
3.3.1 Rotational and Translational Excitation of Carbon Dioxide Bath.
Transient CO2 populations of various rotational states between J=58 and 80 in the
ground vibrational level(0000) were measured using infrared absorption following 248nm
UV excitation of 123‐TriFB, 124‐TriFB, and 135‐TriFB. Transient absorption signals for the
p70 {(0001, J=69) ← (0000, J=70)} CO2 transition at 2279.8391 cm−1 resulting from
collisions with each of the fluorinated benzenes investigated in this study are shown in
Figure 3.1 as a function of time relative to the excimer laser pulse. The signals shown
represent the average taken over 100 laser shots fired into a 1:1 flowing 20.0 mTorr gas
mixture of CO2 and triflurobenzene. Data at early times is dominated by scattering of CO2
into the probe state by single collisions with excited TriFB26 Following a laser pulse, CO2
molecules are scattered into the state by collisions with the excited donor molecule. Data at
times greater than 4 µsec become much more complicated as the state continues to be filled
due to additional collisions with slightly thermalized TriFB molecules as well as CO2
molecules in higher rotational states relaxing into the state being probed. The population at
later times decreases simply through CO2 molecules undergoing relaxation out of the high
angular momentum states. The weak signal observed for 123 and 135‐TriFB is due to
limited absorption of the UV light at 248 nm for these two molecules. Measured
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Figure 3.1: The fractional IR absorption of CO2 collisionally scattered into the 0000, J=70
state as a function of time following UV excitation of the three isomers of trifluorobenzene
(TriFB). To ensure that the measured energy transfer parameters represent single collision
events, transient signals are measured at 1 µsec (1/4 the mean collision time) following a
laser pulse of a flowing gas mixture of 10 mtorr CO2 and 10 mtorr of 1,2,3‐TriFB (red),
1,2,4‐ TriFB (blue), or 1,3,5‐TriFB (green).
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absorptions are converted27 to CO2 number density using absorption line strengths found in the
HITRAN spectroscopic database28.
Figure 3.2 shows a Boltzmann plot of the rotational state distribution of CO2
following a collision with TriFB. A linear relationship observed over this set of J states
allows for a single temperature to describe each distribution. The temperatures obtained
for CO2 following collisions with 123‐, 124‐ and 135‐TriFB are 947 ± 43K, 920 ± 70K, 870 ±
110K, respectively. These values are consistent with rotational temperatures of high‐J tails
found in previous studies of other fluorinated benzene molecules. (C6H6: 795 K5; C6H4F2:
isomers 930, 970, and 1020 K13; C6H2F4: isomers 940, 920, and 870 K). It is important to
note that this distribution is not representative of all states; rather it describes the
distribution over the states of the high‐J tail and not necessarily of those in the low‐J tail.
Doppler Broadened line shapes are measured to determine the velocity distribution
of CO2 molecules in each excited J state following collisions with TriFB. In Figure 3.3a, a
Doppler broadened line shape for the p70 transition of CO2 following a single collision with
123‐TriFB is measured by averaging the transient signal at 1 µsec after the laser pulse for
each of 40 different equally spaced frequencies across the CO2 rovibrational transition. A
Gaussian function most accurately fits the observed data; because of the Gaussian
distribution, a single translational temperature, which is related to the full width at half
maximum (FWHM), can accurately describe the distribution of CO2 velocities. For the p70
transition shown in Fig 3a, FWHM of 0.0079 ± 0.0007 cm−1 was calculated from the
Gaussian fitting parameters, which corresponds to a translational temperature of 1033K.
Figures 3.3b and 3.3c represent lineshapes of the p70 transition for the reaction mixtures
of 124‐TriFB and 135‐TriFB with CO2, respectively, and give Ttrans values of 1589 K
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Figure 3.2: Boltzmann plot of the nascent rotational distributions in the ground vibrational
level of CO2 following excitation by single collisions with vibrationally hot 1,2,3‐ TriFB
(red), 1,2,4‐TriFB (blue) or 1,3,5‐TriFB (green). Points are calculated from the factional
absorption of CO2 at 1 µsec after UV excitation of donor. The solid lines are the best linear
least squares fit to the experimental points measured over the range J = 58 to 80. The slope
of the best fit line is equal to ‐1/kBTrot and the number densities, N(J), are in units of
molecules/cm3. The rotational temperature for CO2 molecules scattered into the high J
states following collisions with 1,2,3‐, 1,2,4‐, and 1,3,5‐TriFB is 947 ± 43 K, 919 ± 90 K and
914 ± 105 K, respectively. Error represents 95% confidence limits.
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Figure 3.3: Nascent Doppler broadened lineshapes for the absorption transition CO2 (0000;
J=70) → CO2 (0001; J=69) obtained by probing CO2 molecules excited by collisions with
vibrationally excited (a) 1,2,3‐, (b) 1,2,4‐ and (c) 1,3,5‐TriFB. The lineshapes were obtained
using a flowing mixture of 10 mTorr CO2 and 10 mTorr TriFB. The points represent the
fractional IR absorption of CO2 collisionally scattered into the 0000, J=70 state measured 1
µsec following 248 nm excimer laser pumping of TriFB. Absorption measurements are
averaged over approximately 40 transient signals at each diode laser frequency across the
line. The solid lines are the best non‐linear least squares fit to a Gaussian function. The full
width at half maximum (FWHM) obtained from the measured lineshapes is 0.0079 ±
0.0007, 0.0098 ± 0.0009, and 0.0082 ± 0.0011 cm−1 for 1,2,3‐, 1,2,4‐, and 1,3,5‐ TriFB,
respectively. For comparison, the FWHM of a CO2 lineshape with Ttrans = 300 K is
approximately 0.0042 cm−1. The final translational temperature, Ttrans, is related to the
linewidth, ∆ν0 (full width at half maximum) through the expression
Ttrans(K)=[mc2(∆νobs)2]/[8Rln2(ν0)2], where m is the mass of CO2, c is the speed of light, R is
the gas constant, and ν0 is the wavenumber at the center of the absorption line.
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and 1097 K, respectively. These linewidths are about two times the value obtained for a room
temperature distribution of CO2 (0.0042 cm−1) signifying that a large amount of vibrational
energy is being transferred from the donor and converted to translational energy in CO2.
Linewidths for CO2 J=58 to J=80 were measured and are tabulated in Table 3.1 along
with lab frame and center of mass frame translational temperatures corresponding to each
linewidth. Translational temperatures are given in both lab frame and center of mass frame
since the center of mass frame more accurately describes the amount of energy transferred
in each collision and are also necessary to calculate P(E,E′) from the data. Figure 3.4
graphically shows the translational temperatures plotted vs. J state; the right axis gives the
center of mass temperatures while the left axis plots FWHM in wavenumbers. An overall
direct correlation between J state and translational temperature for scattered CO2 indicates
that higher J states have a larger distribution of velocities or larger temperatures; the linear
relationship is the result of a constant impact parameter over these J‐states.29
3.3.2 State‐Resolved Scattering Energy Transfer Rate Constants and Probabilities.
Rate constants for scattering into each state following a collision with 124‐TriFB are
calculated at 1 μsec, much less than the mean gas kinetic collision time and thus represent
the rate and probability of single collision events. The expression

(3.1)
is used to calculate this rate constant where [CO2 (0000J,V)] is the concentration of CO2
molecules excited into a specific state obtained through infrared absorption measurements,
[CO2]0 is the initial number of CO2 molecules obtained through pressure, and [TriFBE´]0 is the
number of TriFB molecules excited to energy E´ found through UV absorption. This

Table 3.1: Full width at half maximum Doppler linewidths,a translational temperatures,b and center of mass translational
temperaturesc for CO2(0000, J) following collisions with highly vibrationally excited 1,2,3‐trifluorobenzeneE', 1,2,4‐
trifluorobenzeneE', and 1,3,5‐trifluorobenzeneE'.d
CO2

1,2,3‐trifluorobenzene

(0000,J)e

∆νobs, (cm–1)a

Ttrans, Kb

58

0.0058±0.0001

560±5

62

0.006±0.001

66

1,2,4‐trifluorobenzene

1,3,5‐triifluorobenzene

∆νobs, (cm–1)a

Ttrans, Kb

, Kc

∆νobs, (cm–1)a

Ttrans, Kb

, Kc

650±5

0.0076±0.0014

930±140

1140±170

0.0056±0.0004

510±20

580±20

620±60

730±70

0.0089±0.0017

1300±100

1630±130

0.0055±0.0005

500±20

570±20

0.0070±0.0003

810±20

980±30

0.0087±0.002

1260±130

1570±160

0.0076±0.003

970±150

1190±180

70

0.0079±0.0005

1030±60

1280±80

0.0098±0.0009

1430±100

1810±120

0.008±0.001

1100±130

1360±160

76

0.009±0.001

1470±80

1860±100

0.0101±0.001

1610±170

2040±230

0.010±0.002

1620±100

2060±130

80

0.010±0.001

1780±190

2280±250

0.0121±0.0007

2430±60

3140±70

0.012±0.002

2420±280

3130±360

, Kc
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Table 3.1 continued
a The

measured full width at half maximum of the transient Doppler linewidths for the translations CO2(0000,J)→CO2(0001,J‐

1), determined at 1 µs after trifluorobenzene excitation in a 1:1 sample of trifluorobenzene:CO2 at a total pressure of 20
mTorr. The thermal Doppler linewidth for CO2 at T=298 K is ∆ν0 =0.0042 cm–1. b The final translational temperature, Ttrans, is
obtained from fitting the experimentally determined Doppler lineshapes with a Gaussian function, and it is related to the
linewidth, ∆ν0 (full width at half maximum) through the expression Ttrans(K)=[mc2(∆νobs)2]/[8Rln2(ν0)2], where m is the
mass of CO2, c is the speed of light, R is the gas constant, and ν0 is the wavenumber at the center of the absorption line. c The
final center of mass temperature,

COM
CO
CO
, is obtained from the expression Ttrans (K) = Tf 2 + (Tf 2 − T)(mCO2 /mtrifluorobenzene ) , where

is the temperature describing the CO2 lab frame velocity, T is the ambient cell temperature, and m is the mass of CO2 and
trifluorobenzene, respectively.

d

€
The internal energy of 1,2,3‐trifluorobenzene
is E'=41276 cm−1, 1,2,4‐trifluorobenzene is

E'=41200 cm−1, and 1,3,5‐trifluorobenzene is E'=41192 cm–1.

e The

final CO2 rotational energy state following collision with

vibrationally excited donor.
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Figure 3.4: The FWHM Doppler linewidth of absorption transitions probing high rotational
states (J=58‐80) of CO2 following collisions with vibrationally hot 1,2,3‐ TriFB (red), 1,2,4‐
TriFB (blue) and 1,3,5‐TriFB (green) is plotted against the final rotational state J. The
linewidth in wavenumbers is plotted on the left axis and center of mass translational
temperatures determined from the measured linewidths are given on the right y‐axis. The
linewidths are measured 1 µsec following 248 nm excimer laser excitation of the TriFB,
insuring that the measured velocity distributions are the result of single collisions between
CO2 and TriFB (τcoll ≈ 4 µsec). The plot shows that Tcom increases monatonically with final
J state.
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method can only be used for 124‐TriFB because eq 3.1 assumes that infrared absorption is
linear with time over the first few microseconds. As seen in Figure 3.1, the linear
relationship breaks down with 123 and 135‐TriFB. This indicates that other collision
events must be taken into account in order to find the rate constant. Mullin et al.30 faced a
similar challenge in the measurement of pyridine relaxation. Following their work, a brief
outline will be shown that leads to accurate measurements of the rate of CO2 scattering into
a specific J state. Taking all possible pathways at early times into account gives the
following rate equation showing the relationship between excited bath molecules and time
d [CO*2 ( J )]
dt

= k2J [CO 2 ][ TriFB* ] − kq 4 [CO*2 ( J )][ M ]

(3.2)

+k q 5 [CO*2 ( J ′′)][ M ] − k q 6 [CO*2 ( J )]

where k2J is the rate of scattering into a specific J state, kq4 is the rate of quenching of CO2*
through a€collision with any other molecule in the cell, kq5 is the rate of quenching CO2* that
has more energy than J state being probed and the resulting CO2 is in the J state of interest,
and kq6 represents the loss of CO2* due to molecules that have moved out of the beam path.
M represents any molecule in the reaction cell. The time dependence of excited TriFB is
given by
[TriFB* ](t) = [TriFB* ]0 exp{"(k q1[CO 2 ]0 + k q 2 [TriFB]0 )t}

(3.3)

where kq1 is quenching of TriFB* by CO2 and kq2 is quenching of TriFB* by TriFB.
!
Integration of eq 3.2 over time and using relationships found in eq 3.3 gives the following
equation
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[CO (J)]
[CO ] [TriFB ]
*
2

=

*

2 0

0

k 2J
kq1 [CO2 ] 0 + k q 2 [TriFB] 0

(

(3.4)

)

× 1− exp{−( k q1 [CO2 ] 0 + k q 2 [TriFB] 0 ) t}

Equation 3.4 is valid at early times after UV excitation and describes the population of
€ with time. The final step is taking the derivative of eq 3.4 with respect to time to
CO2*(J)

give
J
%
d"
[CO*2 ]
$
' = k 2J exp{((k q1[CO 2 ]0 + k q 2 [TriFB]0 )t}.
dt $#[CO 2 ]0 [TriFB* ]0 '&

(3.5)

Plotting the natural log of the left hand side of eq 3.5 vs. time yields a straight line with the
!
y‐intercept b = ln( k 2J ) .
Following this method, [CO2(0000,J,V)]/([CO2]0[TriFBE′]0) was calculated for all
€
transient data points and fit to a third order polynomial over the first 4 µsec following laser

excitation. A third order polynomial is chosen so as not to bias the fit towards the
exponential of eq 3.4. An example of this fitting routine is shown in Figure 3.5 where
[CO2(0000,J=70,V)]/([CO2]0[123‐TriFBE′]0) is plotted vs. time, shown in the solid red line,
while the fit to a third order polynomial is shown by the dashed blue line. Taking the
natural log of the derivative of this function and finding the intercept of its linear fit
produces the rate of scattering into the specified J state through a single collision.
Rate constants from collisions between hot (E´ ≈ 40,000 cm−1) TriFB with CO2 are
given in Table 3.2. These rate constants are scaled using the method described in the
experimental section where experiments with pyrazine/CO2 are scaled to literature
values20 and the same scaling is then applied to these rate constants. Table 3.2 also
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Figure 3.5: [CO2(0000,J=70,V)]/([CO2]0[123‐TriFBE′]0) is plotted in red versus time and the
best fit third order polynomial over the first 4 µsec following the excitation laser pulse in
blue. After 4 µsec, the fit deviates from the data as additional types of reactions that are not
accounted for in the fit occur. The fit is used to calculate the rate of scattering CO2 into a
specific J state as described following eq 3.2.
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Table 3.2: State-specific energy transfer rate constants ( k 2J ) and probabilitiesa ( k 2J / k LJ ) for the
energy transfer process trifluorobenzeneE’+ CO2(0000)→trifluorobenzeneE + CO2(0000,J,V).
€

€

k2J (10–12 cm3 molecule–1s–1)

CO2 (0000,J)

1,2,3‐

1,2,4‐

1,3,5‐

triflurobenzene

trifluorobenzene

trifluorobenzene

58

9.5±3.1

5.6±0.4

10.6±8.2

62

7.4±0.8

4.1±0.3

3.8±0.8

66

6.7±2.4

2.3±0.4

70

4.4±0.6

2.2±0.5

2.2±0.3

76

2.8±0.4

1.3±0.1

1.5±0.9

80

2.6±1.0

1.2±0.1

2.0±1.0

€

k2J / kLJ (10–3)

Jfinal
58

18.3±6

62

14.2±2

66

12.9±5

4.3±0.7

70

8.5±1

4.2±0.7

4.2±0.6

76

4.0±1

2.4±0.1

2.9±1.7

80

3.8±2

2.3±0.3

3.8±1.9

€

10.7±0.7

20.5±15.8

7.9±0.6

7.2±1.7
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Table 3.2 continued
a

The probability for energy transfer is given as ProbLJ =

/kLJ, where kLJ is the Lennard‐

Jones has kinetic collision rate constant. It is defined (see Ref. 31) as

[

]

kLJ = π ( dCO2 + dtrifluorobenzene ) /2

2

(8kB T ) /(πµ)Ω12 , where

(assumed to be equal to benzene, Ref. 32),
€

= 4.5Å, Ref. 32, dtrifluorobenzene = 5.4 Å

is Boltzmann's constant, and µ is the reduced

€

mass. Ω12 is the Lennard‐Jones collision integral given by the following expression:2
−1

Ω12 = [0.636 + 0.567log(kT /ε12 )] , where
=195 K, (Ref. 32),

is trifluorobenzene‐CO2 well depth with ε CO2 / k

ε1,2,3TriFB /k =423 K, ε1,2,4TriFB /k =418 K, and ε1,3,5TriFB /k =400 K (Ref. 33),

€
and ε12 = εCO2 εtrifluorobenzene . The Lennard‐Jones collision rate constants at 298 K for the

€

5.22 ×10−10 , kLJ(1,2,4TriFB)= 5.24 ×10−10 , and
three isomers
of trifluorobenzene
are kLJ(1,2,3TriFB)= €
€
€
€

kLJ(1,3,5TriFB)= 5.19 ×10−10 cm3 molecule–1 s–1.
€
€

€
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contains energy transfer probabilities representing the probability of a CO2 molecule being
scattered into a particular J state following a collision with TriFB, obtained using

(3.6)
where the experimental rate constant is divided by the Lennard‐Jones rate constant.
Although Lennard‐Jones almost certainly does not give an accurate description of the
intermolecular potential and thus the collision rate constant, using it as a theoretical
collision rate constant provides the benefit of allowing these results to be comparable to
those of previous studies and also allows energy transfer events between the group of
TriFB donors to be compared. A detailed discussion12 of using the Lennard‐Jones rate
constant as a scaling factor of energy transfer probability has been given elsewhere.
3.3.3 Energy Transfer Probability Distribution Function.
The rate constants and energy transfer probabilities obtained in this study are
indexed according to CO2 rotational states; energy transfer probability can be resorted as a
function of E − E′ to obtain P(E,E′)34 where E′ is the precollision energy of the donor and E
is the final energy of the donor following a single collision between donor and bath. Figure
3.6 plots P(E,E′) vs. E − E′. Because comparisons of P(E,E′) for different donor/bath systems
are difficult, a model function has been used in previous studies to simplify this evaluation.
Previous work5,12,13,15,34 has shown that a single exponential function is not sufficient to
adequately describe the relationship between probabilities and their corresponding energy
transfers given the constraints of normalization and detailed balance; therefore, a
normalized double exponential function developed by Troe19 that fits the data with greater
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Figure 3.6: Shown are plots of the large ΔE tail of the energy transfer probability
distribution function, P(E,E') describing the first Lennard‐Jones collision between
vibrationally excited 1,2,3,‐ TriFB (red), 1,2,4,‐TriFB (blue) and 1,3,5‐TriFB (green) at
energy E' ≈ 41,000 cm−1 and a CO2 bath molecule resulting in CO2 excitation into high
rotational angular momentum states (J = 58 ‐ 80) of the ground vibrational level.
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accuracy, given the constraints, has been used. Figure 3.7 displays both the experimental P(E,E′)
and the fit of the double exponential function using a logarithmic scaled y-axis.
The downward collision probabilities are described by the bi‐exponential function
according to
P(E,E ") =

(1# f ) exp{#( E " # E) / $} + f exp{#( E " # E) / % }
(1# f )($ + &) + f (% +' )

E ( E"

(3.7)

The
! characteristic energy for downward “weak” collisions is represented by α, while downward
“strong” (or super) collisions are given by γ. Upward collision energies are given by the
parameters β and δ for the respective weak and strong collisions, where β and δ are related to α
and γ by detailed balance.19 The parameter f is related to the number of strong collisions.
Although not strictly a “fraction”, it does relate the number of strong collisions to the number of
weak collisions and increases as the number of supercollisions increase. Another equation
relating upward collisions is similar in form to eq 3.7 with the exchange of E for E′, β for α, and
δ for γ. Fitting the up collision (small ΔE) region is not required as detailed balance is used to
obtain up collision parameters from the fitted down collision parameters.

3.4 Discussion
The study of relaxation of the trifluorobenzene isomers via collisions with CO2 is a
continuation of a comprehensive study of all the fluorinated benzenes to find molecular
parameters that influence the shape and magnitude of P(E,E′) such as density of states,
number of low frequency modes, and dipole moments. Considering the group of TriFB
isomers, Table 3.2 shows that probability in general increases with dipole moment.
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Collision Energy Transfer Probability, P(E,E') (1/cm-1)
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Figure 3.7: Plot (noisy line) of P(E, E') for 1,2,3‐ TriFB (red), 1,2,4,‐TriFB (blue) and 1,3,5‐
TriFB (green) with CO2 and E' ≈ 41,000 cm−1 along with the best‐fit biexponential model
functions (Eq 3.7) (solid line). The P(E,E') shown is calculated based on the estimated value
of <Ji>=28.7 for the mean initial rotational state, Ji, for collisions populating high Jf states (Jf
= 58 ‐ 80) of CO2.
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However, for some rotational states, the energy transfer probability is not drastically different;
some being the same within the error. Contrast this with the CO2 transient signal following
excitation (see Figure 3.1) of the three TriFB isomers. Initially, it appears that these molecules
would have extremely different behaviors, but the transient is only representative of the number
of CO2 molecules excited into a specific rotational state. It does not account for the number of
excited donor molecules that were available for collisions. Interestingly, each molecule absorbed
248nm UV light much differently with 135-TriFB hardly absorbing any at all. This lack of
absorption by the donor is the underlying reason for such low CO2 transient signals for this
molecule. With all factors accounted for and using the fitting routine discussed earlier,
reasonable values emerged that are similar to those of previous studies.13,25 Large uncertainties
for 135-TriFB are a result of low absorption. However, confidence is gained in the results since
the TriFB rate constants and probabilities have similar trends as those seen in previous
studies13,25 of other fluorinated benzene molecules. Greater accuracy might be found by using a
different excitation wavelength where the donor has a larger absorption coefficiant, but this
would change internal energy and other dependent parameters making comparisons more
difficult.
An assessment of the TriFB isomers as they compare to similar molecules requires
the use of the double exponential function fit to P(E,E′) using eq 3.7. Parameters acquired
through this fit can be found in Table 3.3 and give insight to strong and weak collisions as
well as how they relate to each other. Similar molecules are also included in the table and
will be considered in this study are MFB24, DFB13, TetraFB25, and C6F6.5 Other molecular
properties that have been shown to influence P(E,E′) are included in the table; these

Table 3.3: The downward collision bi‐exponential fit parameters (γa, αb, f c, and ΔE

d

d)

for the experimentally obtained large ΔE tail

of P(E,E′), as well as several molecular parameters comprising initial energy E′, molecular dipole moments, the pre‐collision state

€
density, and the number of vibrational modes with frequency less than 500 cm−1 for various fluorinated benzene donors.
Donor

γa ( cm−1)

αb (cm−1)

fc

d

(cm−1)

Initial Energy,

Dipole

E′ (cm−1)

momente (D)

ρ(E′)f

s < 500g
cm−1

C6H5F h

1924

298

0.03

574

40,843

1.66

2.9 × 1016

4

12‐DFB h

1850

343

0.06

739

41,025

2.59

5.7 × 1017

5

13‐DFB h

2061

295

0.03

638

41,011

1.51

5.2 × 1017

5

14‐DFB h

2408

294

0.03

713

41,019

0

5.5 × 1017

6

123‐TFB

1705

434

0.070

724

41,276

~3.70

2.7 × 1019

7

124‐TFB

1757

321

0.041

593

41,200

1.39

1.0 × 1019

7

135‐TFB

2106

334

0.025

581

41,192

0

9.4 × 1018

7

1234‐TFB h

1796

391

0.06

688

41,274

2.42

4.7 × 1019

8

1235‐TFB h

1886

376

0.05

672

41,403

1.46

2.7 × 1020

8

1245‐TFB h

1617

380

0.05

594

41,395

0

2.3 × 1020

10

C6F6 h

1411

620

0.15

847

41,822

0

2.1 × 1023

13
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Table 3.3 continued
a

The characteristic strong energy transfer magnitude as determined from the biexponential fit of the P(E,E′) data.

b

The

characteristic weak energy transfer magnitude as determined from the biexponential fit of the P(E,E′) data. c The “fraction” of
strong collisions as determined from the biexponential fit of the P(E,E′) data.

d

The average energy transferred in a single

downward collision involving a vibrationally excited donor and CO2. determined using the biexponential fit paramters
according to

=(α2(1‐x)+ γ2x)/( α (1‐x)+ γx).

e

Molecular dipole moments obtained from Ref 35. f The vibrational density

of states for the donor molecule at the energy following the absorption of a 248 nm photon calculated using the Whitten—
Rabinovitch algorithm (Ref 36).

g

The number of vibrational normal modes with frequencies less than 500 cm−1. Normal‐

mode frequencies for C6F6 are from Refs 37 and 38, TetraFB isomers are obtained from Refs 37 and 39, and TriFB isomers
from Refs 37 and 40. h P(E,E′) parameters for MFB, DFB, TetraFB, and C6F6 obtained from Refs 24, 13, 25, and 5, respectively.
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properties include dipole moment, initial energy, density of states, and number of low
frequency modes(<500 cm−1).
Our lab presented research12 that linked the number of low frequency modes to the
“fraction” (f) of strong equations from eq 3.7. Based on those results, similar fractions
would be predicted for all TriFB isomers as each have the same number of modes below
500 cm−1. Table 3.3 shows that the three TriFB isomers have three different strong collision
“fractions” even though the number of low frequency modes has not changed. This would
suggest that either the number of low frequency modes is not the only parameter to effect a
change on the “fraction” of strong collisions or the two have been coincidently linked by
previous studies.
Previous studies15 have shown that P(E,E′) is related to the donor molecule state
density; in particular the way in which the donor state density changes with internal
energy. This can be done by evaluating the slope of the natural log of a molecule’s density
of states as function of internal energy and comparing this to the shape of P(E,E′)
represented by its biexponential fit parameters. By using an application of Fermi’s Golden
rule, the equation
2

P(E,E ′) ∝ Vif ρ(E)ρ( E ′)

(3.8)

connects P(E,E′) with density of states. In the equation, Vif is the matrix element 〈iHf〉

€ and final states, and ρ(E) and ρ(E′) is the density of states at E and E′,
which links the initial
respectively, the donor energy before and after collisions. Equation 3.8 indicates that
P(E,E′) is directly proportional to the donor’s final density of states(it is also directly
proportional to the initial donor state density but another study found this to be constant);
thus the shape of P(E,E′) how it changes with E, should mirror the shape of ρ(E). Figure 3.8
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plots the shape of P(E,E′), given according to the inverse fitting parameters for strong and
weak collisions obtained from the fit of the experimentally determined P(E,E′) to eq 3.7
which is the slope of the natural log of P(E,E′), vs. the slope obtained by plotting the natural
log of the density of states versus final donor energy, E. From left to right, the data points
are MFB, three DFB isomers, three TriFB isomers, three TetraFB isomers, and C6F6. A
strong linear fit is observed for the gamma parameters as is expected considering the
experiment measures the strong collision energy transfer events directly; alpha, weak
energy transfer parameter, also shows a good fit, especially when considering that this
portion of P(E,E′), the small ΔE tail, is extrapolated based on experimental results. 135‐
TriFB has a value for α that is well below the line; in this case, large uncertainties in the
experimental data compounded uncertainties in extrapolation, causing a value much lower
than would be predicted. As discussed elsewhere,13 because low frequency modes effect
the state density most, the results of Figure 3.8 support the notion that low‐frequency
motion is most responsible for the shape of P(E,E′).
Quantum scattering and classical trajectory studies has further shown that low
frequency modes had the largest energy transfer cross sections, indicating more energy is
transferred in a single collision. Clary et al.22 used quantum scattering calculations to study
the relaxation of benzene via collisions with He; the study not only showed that low
frequency modes were important, but also showed the motion of the molecule to be an
important aspect. The frequency of ν6, a stretching mode with higher frequency than ν16,
was altered such that its frequency was the same as ν16, a lower frequency bending mode.
The study found that ν16 still had a larger energy transfer cross section, indicating that
bending motions are more efficient at transferring energy, even when the frequency of is
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The Shape of P(E,E'); 1/! and 1/" (1/cm-1)
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The Energy Dependency of State Density;
The Slope of ln [#(E-$E)] vs. $E

Figure 3.8: The correlation between the shape of P(E,E') as determined by the
biexponential fit parameters (1/α and 1/γ) and the energy dependent state density of the
donor molecules. Circles represent the characteristic energy transfer magnitude for
"strong" collisions (γ) while the squares are the characteristic energy transfer magnitude
for "weak" collisions (α). Based on the application of Fermi's Golden Rule to collisional
deactivation of vibrationally excited donor molecules in collisions with CO2. From left to
right in the figure data points are for monofluorobenzene, the three difluorobenzenes, the
three tetrafluorobenzenes, and C6F6. Monofluorobenzene, difluorobenzenes, and C6F6 data
are from Refs (5, 15, 34). The shape of the energy transfer distribution function as a
function of ∆E mirrors the shape of the final donor density of states as a function of energy
transferred (∆E). The shape of both the strong and weak collision region of P(E,E') is
correlated with the donor molecule's final density of states.
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modes identical. In addition to identifying what motion ultimately effects P(E,E′), Clary’s study
also indicated that only 3 modes ν6, ν11, and ν16 had significant energy transfer cross sections and
are most responsible for energy transfer in a collision. These modes have been described as
“gateway modes” by Lendvay23 and are where a majority of the energy is leaked to the bath.
Gateway modes can be identified experimentally. This requires the use of a model developed by
Sevy et al.15 and is referred to as the “fractional energy transfer distribution model”. This model
relates P(E,E′) to an efficiency factor, related to the frequency of the mode, and the fraction of
molecules in the mode that have sufficient energy to transfer. Fractional mode analysis has been
performed in several previous studies12,13,15 where its methods are detailed. By analyzing the
modes, agreement with these previous studies can be identified leading to an improved
understanding of how the frequency of certain modes affect P(E,E′). Figure 3.9 graphically
shows the fraction of molecules for modes that are either low frequency (<500 cm−1) or have outof-plane motion with at least 2000 cm−1 (3.9a), 5000 cm−1 (3.9b), and 8000 cm−1 (3.9c) in
energy. Table 3.4 presents the frequency of the modes listed on the plot. The mode assignments
in both the figure and table are given using Wilson notation,41 which is used for benzene-like
molecules and assigns modes based on motion; these mode assignments do not change with point
group making these assignments ideally suited for this study where 123-TriFB is C2v, 124-TriFB
is C1h, and 135-TriFB is D3h.
The analysis points to ν11 and ν16 as the most likely modes to be classified as energy
transfer gateways. Comparing 123‐TriFB to 124‐TriFB reveals 124‐TriFB as having a larger
frequency for ν11; based on what has been discussed, this should equate into a lower
efficiency for that mode in 124‐TriFB. Even though the fraction is higher at 8000 cm−1, a
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Figure 3.9: Fractional mode populations for highly vibrationally excited (E'~41,000 cm−1)
for 1,2,3‐TriFB (red), 1,2,4‐TriFB (blue), and 1,3,5‐TriFB (green) with at least (a) 2000
cm−1, (b) 5000 cm−1, and (c) 8000 cm−1. The x‐axis is the vibrational mode assignment
according to Wilson notation, which has been used so that mode assignments represent the
same vibrational motion in each molecule. Only the vibrational modes that were
determined to be "gateway" energy transfer modes in quantum scattering calculation of the
relaxation of benzene by He (ν6a, ν6b, ν11, ν16a, and ν16b) and the remaining out‐of‐plane or
low frequency (<500 cm−1) vibrationalmodes (ν4, ν5, ν10a, ν10b, ν17a, ν17b, and ν18b) are
included in the figure.
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Table 3.4: Fundamental vibrational modes with frequency < 500 cm−1 for
trifluorobenzene, along with an assignment of the mode motion.
Modea

1,2,3‐TriFBb

1,2,4‐TriFB

1,3,5‐TriFB

motion

4

715

688

664

o, ring deform

5

970

856

845

o, C‐F bending

6a

480

587

500

ring stretching

6b

580

503

500

ring deform

9a

310

358

326

C‐F bending

9b

1150

441

326

C‐F bending

10a

210

358

250

o, C‐F bending

10b

280

259

250

o, C‐F bending

11

760

808

206

o, C‐F bending

12

800

781

1010

ring deform

15

280

261

564

C‐F bending

16a

515

603

594

o, ring wagging

16b

547

455

594

o, ring wagging

17a

890

156

858

o, C‐F bending

17b

140

930

858

o, C‐F bending

18b

350

1099

1122

C‐F bending

Tot. #

7

7

7
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Table 3.4 Continued
o : out‐of‐plane motion
a : Wilson notation expression for fundamental vibrational mode41
b

: Motion assignment trifluorobenzene is obtained from Refs. 37 and 40
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lower efficiency would cause these two to have similar probabilities as observed in Figure 3.6 in
the high ΔE portion of P(E,E′). In Figure 3.9a, the ordering between the two is correct, but the
spacing is much larger. With the more efficient and lower frequency mode found in ν11 of 123TriFB, this could easily account for the spacing difference. The 5000 cm−1 plot show fractions
that do not correspond well at all illustrating the limitation of using what is basically
a step function for fractional mode analysis. 135‐TriFB has a consistently higher fraction
relative to the other TriFB isomers in ν11 and ν16 which should be efficient low frequency
modes; the molecule most likely is simply much weaker at transferring energy over the
majority of P(E,E′). This is similar to the result obtained for the 1,4 –DFB in the DFB study
and 1,2,4,5‐TetraFB in the TetraFB study, all of which are the nonpolar molecule within
their respective groups.
Dipole moment has been discussed as having an effect on P(E,E′). Mullin et al.30
investigated the effect of dipole moment on energy transfer by comparing studies of
pyrizine, with no dipole moment, to pyridine having a dipole moment of 2.2 D. They found
that pyridine had enhanced V→V energy transfer pathways and a slightly diminished
V→RT energy transfer pathway that they attributed to pyridine’s dipole moment. Later,
work by our lab12 to calculate the P(E,E′) for pyridine and compare it to P(E,E′) of pyrazine
found that the fraction of strong collisions to be much smaller for pyridine, f=0.008. We
attributed this diminished number of strong collisions to the enhanced V→V energy
transfer pathway described by Mullin, resulting from a large dipole moment. These studies
were limited in scope as they only made a single comparison between a molecule with no
dipole moment and another molecule with a large dipole moment; the molecules were
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similar in form but differed in chemical make‐up and mass. Our lab has calculated P(E,E′)
for several groups of fluorinated benzene isomers(DFB, TriFB, and TetraFB) where each
group has a different number of fluorine atoms. Within each group, each isomer has a
different dipole moments. A link between fraction of strong collisions and dipole moment
was not notice for the DFB and TetraFB studies, but these studies along with this study
gives 9 molecules in three groups that represent a broad range of dipole moments.
Figure 3.10 plots the fraction of strong collisions found as a fitting parameter obtained through
the double exponential for the isomers of DFB, TriFB, and TetraFB against the dipole moment
of each of these molecules. The trend indicates that higher dipole moments result in a larger
fraction of strong or super collisions. This study showed the strongest correlation between the
two parameters and is well suited to make this type of analysis due to similar initial energy,
similar motion in the molecules, the same chemical make-up, and large differences in dipole
moments between isomers. When DFB and TetraFB isomers are also taken into account, the
correlation continues as these molecules show support for an apparent correlation between the
fraction of strong collisions and dipole moment. An analysis of the V–V energy transfer
pathways in addition to the V–RT pathways for all of these molecules may prove insightful in
light of these new findings.
Although the correlation between the dipole moment and f looks good for the set of
isomers shown in Figure 3.10, C6F6 and PFB do not follow this trend; however, they have no
other isomers to make comparisons to. The previously discussed link between the
“fraction” of strong collisions and number of low frequency modes may still be part of the
equation for determining f. In the case of DFB, TriFB, and TetraFB, the subtle changes
between each group of isomers allows the observation of the finer relationship between
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Figure 3.10: Fraction of strong collision parameter as obtained from fitting the double
exponential shown in eq 3.7 to P(E,E′) plotted against dipole moment for DFB, TriFB, and
TetraFB. The “fraction” of strong collisions increases with increasing dipole moment. By
increasing the fraction of strong collisions, the number of strong or super collision events
also increase thus showing the more polar molecules to have greater energy transfer
efficiency. DFB and TetraFB data obtained from ref 13 and 25 respectively.
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dipole moment and fraction of strong collisions to be observed. Grouping this study with the
DFB and TetraFB studies leads to the conclusion that as the dipole increases, relative to other
isomers, the fraction of strong or super collisions also increases.

3.5 Conclusion
Collisional relaxation of 123‐TriFB, 124‐TriFB, and 135‐TriFB following collisions
with CO2 was studied using IR diode laser spectroscopy. Bath molecules were probed to
determine the amount of energy transferred through a single collision through rotational
populations and velocity distributions of the J=58‐80 ro‐vibrational states of CO2 of the
(0000) level. Probabilities were sorted according to ΔE to give the energy transfer
probability distribution or P(E,E′) which is then fit to a biexponential function whose shape
relates strong and weak collisions. An application of Fermi’s Golden rule has shown the
shape of P(E,E′) to correlate with the shape of the donor’s state density as a function of
energy. Gateway mode analysis identified ν11 and ν16 as gateqay modes that largely
gonvern the shape and magnitude of P(E,E′). Dipole moments have also been shown to
correlate with the fraction of strong collisions among isomers of similar molecules.
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